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The role of the reticulo-endothelial system (RES) in recovery following
whole body X-irradiation has aroused considerable recent interest."5'17
However, ready explanation of this role is complicated by the fact that
pertinent data concerning the effect of ionizing radiation upon the RES
seem somewhat contradictory. 8 1, U U2"-8
Generally, the RES is regarded as a non-radiosensitive tissue.8'25
m
Taplin, et al.,' reported very little effect of 300 r whole body X-irradiation
on the RES of rabbits, basing their conclusions on the blood clearance of
the colloidal dye, prodigiosin. Barrow and co-workers' were unable to
demonstrate any change in the disappearance rate of intravenously injected
colloidal gold into rabbits following 800 r whole body X-irradiation. On
the other hand, Kogae' noted an alteration in uptake of carmine by the
RES of rabbits after only 42 r whole body X-irradiation, and, after 25 to
50 r, Pape and Jellinek'2 reported degenerative cell injury in the spleen
of rats.
A technique has been developed by one of us9"-" for study of RES activity
in laboratory animals by means of intravenous injection of radioactive col-
loidal chromium phosphate (CrP3204). The technique may be used in at
least three ways:
(i) Disappearance rate of radioactivity from the blood may be deter-
mined. Thus, one can obtain an over-all outlook of the activity of the whole
RES.
(ii) Distribution of radioactivity to different organs may be measured.
Thus, the relative RES activity of various organs can be observed because,
in normal animals, the distribution patterns of a CrP3204 suspension seems
very constant.10 The liver, spleen, and many other organs remove a definite
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portion of the colloidal matter, and any distortion in the distribution may be
interpreted as an altered function of the RES.
(iii) Radioautography of different tissues may be performed. In the liver
and spleen a characteristic distribution pattern can be noticed,"6 but altera-
tions of RES activity appear to change the usually constant pattern.
In this study, following small and moderate doses of X-irradiation, RES
activity was assessed in rats using the radioactive colloidal chromium
phosphate technique.
METHOD
Young adult, Wistar strain, male rats were used in all of the experiments. Body
weights ranged from 120 to 150 g. Whole body X-irradiation was carried out with the
use of a 200 KV X-ray machine at 15 mA. Filters of 0.5 mm. Cu and 1 mm. AL
(HVL 1.1 mm. Cu) were used at a 50 cm. distance with an output rate of 55 r per
minute in air.* Groups of five rats were irradiated at a time by placing them in small,
individual cardboard boxes which were arranged to receive equal radiation.
Radioactive chromium phosphate suspensions were prepared as previously reported.'
Briefly, anhydrous chromium phosphate containing P" was dispersed in physiological
glucose by means of a mechanical shaker. Suspensions used in this work were prepared
as uniformly as possible in an attempt to keep the range of particle size relatively
constant. Electronmicroscopic study of one preparation revealed an average particle
size of 0.1 IA with a range from 0.01 IA up to several micra.t
EXPERIMENT A
Effect of X-irradiation on the removal rate of CrP3204. Forty-eight rats
were arranged in three groups of 16 each. One group received 25 r whole
body X-irradiation, the second group received 50 r, and the third group,
100 r. Twelve additional rats served as controls. At different intervals from
1 to 28 days after irradiation, each rat was anesthetized with ether and the
saphenous vein exposed in the thigh. Into this vein was injected 0.6 ml.
CrP3204 suspension. Immediately thereafter, the tip of the tail was cut off
and seven blood samples of 0.05 ml. each were taken within 2-4 minutes.
Radioactivity of the samples was determined as previously described,' and
the radioactivity values were plotted against time elapsed after the injec-
tion. As reported before,' the disappearance rate of the radioactive col-
loidal matter from the blood stream occurs as an exponential function.
Since this function seems to be very constant, the disappearance rate can
* For dosimetry calculations and X-irradiation, the authors wish to thank Dr. C. H.
Chang, Department of Radiology, Yale University School of Medicine.
t Electronmicroscope pictures were obtained through the courtesy of Dr. J. L.
Melnick and Dr. W. H. Gaylord, Department of Preventive Medicine, Yale University
School of Medicine.
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be expressed in terms of a "biological half-life," defined as the time required
for one-half of the radioactivity to disappear from the blood stream.
No deviation of the biological half-life, when compared to control values,
occurred in the experimental animals during 28 days following irradiation.
That is, X-irradiated rats
gave biological half-life values 10.0L
which were within the stand- us LO16
ard deviation of the control X ,MEAN (CONTROLS)
values.* L 5.0C..
EXPERIMENT B
Effect of X-irradiation on
the capacity of the reticulo-
endothelial system. Capacity
of the RES was determined
by intravenously injecting in-
creasing amounts of colloidal
thorium oxide (thorotrastt)
into rats and subsequently
testing the RES activity by
means of CrP3204. Sixteen
rats were irradiated with 100
r and six days later divided
into four equal groups. Thir-
ty-two rats were added as
controls, and (a) 12 rats
(4 irradiated and 8 non-
0.1 0.2 0.3 0.4 ml THOROTRAST
FIG. 1. Disappearance rate of colloidal CrP'804
in rats 24 hours after intravenous injection of
varying amounts of thorotrast.
Ordinate: Biological half-life (time required for
one half of radioactivity to disappear from
blood stream) in minutes (logarithmic scale).
Abscissa: Dose of Thorotrast in ml. per 100 g.
body weight.
-. Mean of 8 control animals; (. -
standard deviation.
o Values for rats irradiated with 100 r one week
before.
irradiated) were injected intravenously with 0.1 ml. Thorotrast per
100 g. body weight; (b) 12 rats received 0.2 ml.; (c) 12 rats 0.3 ml.; and
(d) 12 rats 0.4 ml. Twenty-four hours later each of the 48 animals was
injected with 0.7 ml. CrP8204 suspension (see Experiment A), blood sam-
ples were taken, and the disappearance rate of radioactivity from the blood
was determined.
* The authors are appreciative of the assistance of Dr. Daniel Horn, Department of
Public Health (Biostatistics), Yale University School of Medicine, in the statistical
evaluation of these data. There are many statistical problems involved in the CrPU04
technique. Quite a few of these have been discussed in previous publications.9',0"'
However, a general review article covering methodological problems and statistical
evaluation is now in preparation."
t The authors are grateful to the Heyden Chemical Corporation, New York, New
York, for the samples of this preparation.
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rhe results of this experiment are shown in Figure 1. In group (a), rats
injected with 0.1 ml. thorotrast, the longer biological half-life values for the
X-irradiated animals were statistically significant from the control values
(P < 0.01). In fact, all X-irradiated rats of this group gave biological half-
life values which were outside the standard deviation of the control values.
In groups (b), (c), and (d), rats receiving greater doses of thorotrast, no
prolonged half-life values for X-irradiated animals could be demonstrated
when compared to control values. However, in these groups the spreading
of the values was considerable, due to a greatly decreased RES capacity
caused by the large amount of injected thorotrast.
TABLE 1. (EXPERIMENT C.) THE NUMBER OF RATS TESTED AT DIFFERENT
TIMES AFTER 25, 50, AND 100 R X-IRRADIATION, AND THE
CORRESPONDING GROUPS OF CONTROL ANIMALS
(Each group of 7 or 8 controls represents a different CrPt'04 preparation)
Time from irradiation to CrP"04 injection
Radiation 1 16 24 3 7 10 14 21 28
dosage hour hours hours days days days days days days Total
25 r 3 3 4 3 3 3 3 3 3 28
100 r 3 3 2 3 3 3 3* 3 2 25
50 r 3 3 4 3 3 3 3 3 3 28
y .
Or
(Control) 7 8 7 8 ** 30
* An additional 7 irradiated and 7 control animals were tested in this group.
** The 28-day group was tested with the same CrP'04 suspension as the 10- and 14-
day group and the 10- and 14-day controls served as a comparison.
EXPERIMENT C
Effect of X-irradiation on the distribution of CrP32O4 in different organs.
Eighty-four rats were divided into three groups of 28 each and irradiated
with 25, 50, and 100 r respectively. At intervals from one hour up to 28
days after irradiation, 0.7 ml. of CrP3204 suspension was injected intra-
venously, and two hours later the animals were sacrificed. Using a tech-
nique described in detail elsewhere,'0 tissue samples were taken in sequence
from tissue displaying the lowest radioactivity to that having the highest
activity. The order was one sample each from abdominal muscle, duodenum,
heart, and kidney, two each from spleen and lungs, and five from liver. All
samples were weighed immediately; in the instance of the liver, the total
organ was weighed. Samples were then ashed in Coors capsule-form cruci-
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bles and the radioactivity of each was measured in a constant position under
a bell-type Geiger-Mueller tube.
The three groups of X-irradiated animals were sampled 3 or 4 at a time
at various intervals. Since the number of animals that can be processed at
one time is limited, such an extensive experiment needs to be carried out in
several sessions. A different CrP3204 suspension is required for each ses-
sion, thus, the measurements of radioactivity vary according to the suspen-
sion used. In this experiment, four different batches of CrP3204 suspension
were used, one for each session. Therefore, it was necessary to run a control
series of 7 or 8 animals for each suspension. The original plan called for 3
animals from each group (25, 50, 100 r), to be injected with CrP3204 at
the following intervals: 1, 16, and 24 hours, and 3, 7, 10, 14, 21, and 28
days. Table 1 shows how the experiment was carried out with 81 irradiated
animals and 30 controls.
The results of this experiment are indicated in Figures 2A, 2B, and 2C.
Various tissue radioactivity (counts per minute) of the irradiated animals
is expressed as a percentage of the average radioactivity of the same tissue
from controls receiving the same CrP3204 suspension.
The liver of the irradiated rats (Fig. 2A) contained more radioactivity
than that of the corresponding control animals throughout the entire experi-
mental period, with the largest increase being observed at 7 days after
irradition in all three groups of 25, 50, and 100 r. The difference between
the experimental groups and the controls was highly significant statistically
(P < 0.001). However, no statistical differences could be demonstrated
among any of the three groups receiving different doses of irradiation.
Results obtained from the spleen are shown in Figure 2B and, compared
to the liver, changes in the spleen are quite different. One hour after 100 r
irradiation the spleen of CrP3204 injected animals contained 56%o more
radioactivity than the controls. But at this time values for the 25 r and 50 r
groups were within the range of experimental error (96%o and 102%o). At
one and three days after irradiation, however, all these experimental groups
showed a highly significant decreased radioactivity of the spleen (P<0.01).
At the 10-day interval there was little difference between the X-irradiated
animals and the controls.
On the 14th day, the spleen of the 25 r and 50 r animals contained much
more radioactivity than the controls, but the 100 r group showed consider-
ably less radioactivity. Because this was the only instance in which the
radioactivity values of 25 and 50 r groups increased while radioactivity
values of 100 r groups decreased, that is, the respective values diverged
when compared to controls, an additional 7 animals were subjected to
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FIG. 2. Changes of radioactivity content of (A)
whole liver, (B) whole spleen, and (C) abdomi-
nal muscle (per gram of tissue) of rats after 25,
50, and 100 r whole body X-irradiation. The ani-
mals were injected with colloidal CrP"04 at dif-
ferent times after the irradiation.
Ordinate: Percentage values from irradiated ani-
mals taking control values as 100%o.
Abscissa: Time after irradiation in days. Each
point represents mean of three irradiated ani-
mals, sacrificed 2 hours after CrP"04 injection.
C: Curve is calculated best fitting line.
100 r, raising the total tested
in this group to 10. The
additional 7 animals also
showed decreasing radioac-
tivity values when compared
to those of an additional 7
controls. Therefore, this di-
verging difference between
the 25 and 50 r groups as
compared to the 100 r group
was tested statistically and
proved to be highly signifi-
cant (P < 0.001). At the 21-
and 28-day intervals, the dif-
ferences converged, and all
irradiated spleens displayed
somewhat similar radioactiv-
ity values which, however,
were still greater than the re-
spective ones for the controls.
Heart, kidney, and lung
samples showed no undue
deviations of radioactivity
values from those of corre-
sponding controls. Two ex-
ceptions may be noted: at the
21-day interval all experi-
mental values were lower
than the controls; during the
entire experiment abdominal
muscle samples showed a
continuous decrease of radio-
activity (Fig. 2C).
DISCUSSION
When some damage to the
RES is induced, the degree of
reduced activity observed
seems to be determined by
two factors of opposite effect.
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On one hand, the damage should depress the over-all RES activity, while, on
the other hand, the "regeneration" of the RES should tend to re-establish
the usual activity. Following an appropriate intravenous dose of a colloidal
matter such as thorotrast or certain iron colloids,""' a large portion of the
RES becomes saturated and "regeneration" seems to occur slowly. For sev-
eral days after this saturation or "blockade" the RES displays a depressed
activity which can be demonstrated by determining the biological half-life
with the CrP3204 technique.
After inducing colloidal iron "blockade" the CrP3204 leaves the circula-
tion very slowly." However, injection of the dye, trypan blue, results in no
noticeable "blockade" when assessed by use of CrP3204, rather the radio-
active colloid leaves the circulation somewhat faster than in noninjected
animals.' Nevertheless, the histological picture indicates that many RE
cells appear to be completely filled up with trypan blue dye. Apparently, a
rapid "regeneration" of the RES overbalances the "blockade" in this
instance and results in a slightly decreased biological half-life in the injected
animals as compared to the controls.
In rats exposed to X-irradiation, no difference in the removal rate of
CrP3204 was noted from that of control rats (Experiment A). This
observation is in good agreement with the work of Taplin et al.,28 and
Barrow and co-workers.' However, one should not assume that X-irradia-
tion does not affect the RES, because X-irradiation damage could con-
ceivably be balanced by an RES "regeneration," resulting in a CrP3204
disappearance rate indistinguishable in irradiated and nonirradiated ani-
mals. As was pointed out in the previous paragraph, such an interpretation
would find support from experimental observations using trypan blue.'
In order to demonstrate the above hypothesis, varying degrees of "block-
ade" were induced in 100 r X-irradiated animals and in controls by inject-
ing varying amounts of thorotrast and subsequently testing RES activity by
means of CrP3204 (Experiment B). When as little as 0.1 ml. thorotrast
per 100 g. body weight was injected into X-irradiated animals, the CrP3204
did not leave the circulation as fast as in controls. That is, the X-irradiation
plus the 0.1 ml. thorotrast "blockade" seemed to produce an additive effect,
and "regeneration" of the X-ray damaged RES did not appear equivalent
to the nonirradiated intact RES. When larger doses of thorotrast were
injected, the degree of "blockade" was so large in the control animals that
the minute difference between the X-irradiated and control animals was no
longer demonstrable. However, the experiments with the 0.1 ml. dose of
thorotrast seem to suggest that the capacity of the RES of a rat exposed to
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100 r X-irradiation is reduced when compared to that of nonirradiated
animals.
In the distribution studies (Experiment C), evidence indicates that all
of the three doses of X-irradiation used in these experiments alter RES
activity. In normal animals, the liver and spleen remove constant amounts
of the intravenously injected colloid, but X-irradiation distorts the char-
acteristic distribution pattern. This observation may be explained by a con-
sideration of the particle size of the CrP3204. The liver may constantly
remove a definite range of particle sizes and so may the spleen or bone
marrow. Following X-irradiation this selectivity may be distorted, and
particles usually picked up by the spleen during the first week after X-
irradiation would be taken up by the liver or other tissues. In this experi-
ment, the selectivity of the RES components in removing the CrP3204
particles from the blood stream appears to have been changed after only
25 r whole body X-irradiation.
Radioautographic studies add further support to the above observations,
suggesting that the RES is radiosensitive. By means of radioautography, a
characteristic distribution pattern of CrP3204 in the liver was noticed.'
This circular pattern may be due to the direction of blood flow from
periphery to the center of each liver lobule which allows RE cells at the
periphery first opportunity to remove substances from the blood. The
peripheral pattern is greatly altered after 100 r whole body X-irradiation;
radioautographs show a random distribution of CrP3204 in the liver lobuli
with little indication of a circular peripheral pattern. Apparently, the parti-
cles penetrate deeper into the liver sinusoids and are picked up closer to
the central vein.
An additional observation was noted, namely, the number of cells con-
taining CrP3204 is reduced after X-irradiation according to counts of
exposed areas per unit volume in radioautographs of liver. There is appa-
rently no "regeneration," as assumed in Experiment A, because the number
of RE cells per unit area was not the same after irradiation but was reduced
when compared to controls. Despite this, the removal rate after irradiation
was the same as before. From this evidence, it would appear that after
irradiation there is an increased uptake of CrP3204 by a smaller number of
cells resulting in an unchanged disappearance rate of CrP3204 from the
blood stream.
However, the 100 r X-irradiation was followed by 0.1 ml. thorotrast
"blockade," the CrP3204 disappearance rate was prolonged (Experiment
B). In this case, one reason for the longer removal time may be the reduced
number of cells after irradiation. (One should not rule out the possibility
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that there may be an altered circulation through the liver sinusoids after
X-irradiation.)
The correlation of immunological processes and RES activity has been
attempted for many years and is not well understood. The effect of X-
irradiation upon immunological processes has been studied by a large num-
ber of investigators.2'1 Recently, a brief radiosensitive period of the anti-
body response was noticed by Dixon, et al.,7 shortly after whole body X-
irradiation in rabbits. These authors considered it unlikely that the lack of
antibody response after irradiation was caused by an RES damage, basing
this conclusion on the data of others who have suggested that the RES is a
radioresistant tissue. Our results indicate the opposite.
The "immuno-genetic" factor discussed in recent cancer research litera-
ture would seem to have some relation to RES activity. Following whole
body X-irradiation, heterologous tumors can be transplanted successfully
into rats.' -"-' This change in tumor susceptibility caused by X-rays may
possibly be explained in part by a changed RES activity, but too little is
known at the present time to make any definite correlations.
Jacobson'7 has shown that lead shielding of exteriorized spleens enhanced
very markedly the survival of mice after lethal doses of X-irradiation. On
the basis of extensive studies he postulated the presence of a humoral factor,
or factors, in the spleen which is responsible for recovery from radiation
injury. With much smaller doses of X-irradiation in our studies, we noticed
that the spleen seemed particularly radiosensitive.
Small doses of X-irradiation have been considered to stimulate RES
activity.15,19 " However, our experiments indicate that the RES function
will be definitely altered even by 25 r whole body irradiation and show a
reduced RES selectivity after irradiation. These results, we feel, should be
interpreted as an indication of impaired RES function. It is suggested,
therefore, that the RES should be considered as a highly radiosensitive
tissue rather than a radioresistant one.
SUMMARY
Rats were exposed to 25, 50, and 100 r whole body X-irradiation and
reticulo-endothelial functions were tested by using the radioactive chromium
phosphate technique. No change in the removal rate of chromium phosphate
occurred during the four-week period after irradiation.
Induced thorotrast "blockade" was more effective in 100 r X-irradiated
animals than in controls as measured by the disappearance rate of chro-
mium phosphate from the blood stream, indicating that the reticulo-
endothelial capacity was diminished by X-irradiation.
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Organ distribution of chromium phosphate was altered after as little as
25 r. The liver showed an increased uptake with a maximum around the
seventh day. The spleen took up markedly less chromium phosphate than
controls during the first three days; and in rats receiving 100 r, the uptake
was at a reduced level after fourteen days. The altered organ distribution
of chromium phosphate was interpreted as a sign of impaired selectivity.
Implications of the above and possible immunological and radiobiological
correlations have been discussed.
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